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SUBCRITICAL REACTIVITY MONITOR
UTILIZING PROMPT SELF-POWERED
INCORE DETECTORS

BACKGROUND

1. Field

[0001] This invention relates to conditions 1 a nuclear-
fueled power-generating unit, and more particularly, to
methods and apparatus for determining the effective neutron
multiplication factor 1n a nuclear reactor.

2. Related Art

[0002] The primary side of nuclear power generating
systems which are cooled with water under pressure com-
prises a closed circuit which 1s 1solated and 1n heat exchange
relationship with a secondary side for the production of
usetul energy. The primary side comprises the reactor vessel
enclosing a core internal structure that supports a plurality of
tuel assemblies containing fissile material, the primary cir-
cuit within heat exchange steam generators, the inner vol-
ume ol a pressurizer, pumps and pipes for circulating
pressurized water; the pipes connecting each of the steam
generators and pumps to the reactor vessel independently.
Each of the parts of the primary side comprising a steam
generator, a pump and a system of pipes which are con-
nected to the vessel form a loop of the primary side.

[0003] For the purpose of illustration, FIG. 1 shows a
simplified nuclear reactor primary system, including a gen-
erally cylindrical reactor pressure vessel 10 having a closure
head 12 enclosing a nuclear core 14. A liquid reactor coolant,
such as water, 1s pumped into the vessel 10 by pump 16
through the core 14 where heat energy 1s absorbed and 1s
discharged to a heat exchanger 18, typically referred to as a
steam generator, in which heat 1s transferred to a utilization
circuit (not shown), such as a steam driven turbine generator.
The reactor coolant 1s then returned to the pump 16, com-
pleting the primary loop. Typically, a plurality of the above
described loops are connected to a single reactor vessel 10
by reactor coolant piping 20.

[0004] An exemplary reactor design i1s shown in more
detail in FIG. 2. In addition to the core 14 comprised of a
plurality of parallel, vertical, co-extending fuel assemblies
22, for purposes of this description, the other vessel internal
structures can be divided into the lower internals 24 and the
upper internals 26. In conventional designs, the lower inter-
nals function 1s to support, align and guide core components
and mstrumentation as well as direct flow within the vessel.
The upper mternals restrain or provide a secondary restraint
for the fuel assemblies 22 (only two of which are shown for
simplicity 1n this figure), and support and guide nstrumen-
tation and components, such as control rods 28. In the
exemplary reactor shown in FIG. 2, coolant enters the
reactor vessel 10 through one or more inlet nozzles 30, flows
down through an annulus between the vessel and the core
barrel 32, 1s turned 180° in a lower plenum 34, passes
upwardly through a lower support plate 37 and a lower core
plate 36 upon which the fuel assemblies 22 are seated and
through and about the assemblies. In some designs, the
lower support plate 37 and the lower core plate 36 are
replaced by a single structure, the lower core support plate,
at the same elevation as the lower support plate 37. The
coolant flow through the core and surrounding area 38 1is
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typically large on the order of 400,000 gallons per minute at
a velocity of approximately 20 feet per second. The resulting
pressure drop and Irictional forces tend to cause the fuel
assemblies to rise, which movement is restrained by the
upper internals, icluding a circular upper core plate 40.
Coolant exiting the core 14 tlows along the underside of the
upper core plate 40 and upwardly through a plurality of
perforations 42. The coolant then flows upwardly and radi-
ally to one or more outlet nozzles 44.

[0005] The upper internals 26 can be supported from the
vessel or the vessel head and include an upper support
assembly 46. Loads are transmitted between the upper
support assembly 46 and the upper core plate 40, primarily
by a plurality of support columns 48. A support column 1s
aligned above a selected fuel assembly 22 and perforations
42 1n the upper core plate 40.

[0006] The rectilinearly moveable control rods 28 typi-
cally include a drive shatt 50 and a spider assembly 52 of
neutron poison rods that are guided through the upper
internals 26 and into aligned fuel assemblies 22 by control
rod guide tubes 54. The guide tubes are fixedly joined to the
upper support assembly 46 and connected by a split pin 56
force fit 1nto the top of the upper core plate 40. The pin
configuration provides for ease of guide tube assembly and
replacement 1f ever necessary and assures that the core
loads, particularly under seismic or other high loading
accident conditions are taken primarily by the support
columns 48 and not the guide tubes 54. This support column
arrangement assists in retarding guide tube deformation

under accident conditions which could detrimentally affect
control rod 1nsertion capability.

[0007] FIG. 3 1s an elevational view, represented 1n ver-
tically shortened form, of a fuel assembly being generally
designated by reference character 22. The fuel assembly 22
1s the type used 1n a pressurized water reactor and has a
structural skeleton which, at its lower end 1includes a bottom
nozzle 58. The bottom nozzle 38 supports the fuel assembly
22 on a lower core plate 36 1n the core region of the nuclear
reactor. In addition to the bottom nozzle 58, the structural
skeleton of the fuel assembly 22 also includes a top nozzle
62 at its upper end and a number of guide tubes or thimbles
54, which extend longitudinally between the bottom and top
nozzles 58 and 62 and at opposite ends are rigidly attached
thereto.

[0008] The fuel assembly 22 further includes a plurality of

transverse grids 64 axially spaced along and mounted to the
guide thimbles 54 (also referred to as guide tubes) and an
organized array of elongated fuel rods 66 transversely
spaced and supported by the grids 64. Although 1t cannot be
seen 1n FIG. 3, the grids 64 are conventionally formed from
orthogonal straps that are iterleated 1n an egg-crate pattern
with the adjacent interface of four straps defining approxi-
mately square support cells through which the fuel rods 66
are supported 1n transversely spaced relationship with each
other. In many conventional designs springs and dimples are
stamped 1nto the opposing walls of the straps that form the
support cells. The springs and dimples extend radially into
the support cells and capture the fuel rods therebetween,
exerting pressure on the fuel rod cladding to hold the rods 1n
position. Also, the fuel assembly 22 has an instrumentation
tube 68 located 1n the center thereof that extends between
and 1s mounted to the bottom and top nozzles 58 and 62.
With such an arrangement of parts, fuel assembly 22 forms
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an integral unit capable of being conveniently handled
without damaging the assembly of parts.

[0009] The power level of a nuclear reactor 1s generally
divided into three ranges: the source or start-up range, the
intermediate range, and the power range. The power level of
the reactor 1s continuously monitored to assure safe opera-
tion. Such monitoring 1s typically conducted by means of
neutron detectors placed outside and inside the reactor core
for measuring the neutron flux of the reactor. Since the
neutron flux at any point 1n the reactor 1s proportional to the
fiss10n rate, the neutron tlux 1s also proportional to the power
level.

[0010] Fission and 1onization chambers have been used to
measure flux in the mtermediate and power range of a
reactor. Such fission and 1onization chambers are capable of
operation at all normal power levels, however, they are
generally not sensitive enough to accurately detect low level
neutron flux emitted 1n the source range. Thus, separate low
level source range detectors are typically used to monitor
neutron flux when the power level of the reactor 1s 1 the
source range.

[0011] U.S. Pat. No. 4,588,547 discloses a method and
apparatus for determining the nearness to criticality of a
nuclear reactor. That invention takes advantage of the fact
that when the reactor 1s subcritical, the neutron flux gener-
ated by an artificial neutron source, and the direct progeny
by fission, 1s higher than that generated by neutrons from
natural neutron sources in the reactor fuel and progeny of
those neutrons. However, that patent does not address the

approach to criticality when a reactor approaches criticality
due to withdrawal of control rods.

[0012] In the absence of a neutron source, the ratio of the
number of free neutrons in one generation to those in the
previous generation 1s referred to as the “Neutron Multipli-
cation Factor” (K_s) and 1s used as a measure of the
reactivity of the reactor. In other words, the measure of
criticality for a nuclear core 1s K g that 1s, the ratio of
neutron production to total neutron loss contributable to both
destruction and loss. When K_. 1s greater than 1, more
neutrons are being produced than are being destroyed (1.e.,
destroyed and lost). Similarly, when K_1s less than 1, more
neutrons are being destroyed than are being produced. When
K. 7 1s less than 1, the reactor is referred to as being
“subcritical”. Currently, there 1s no direct method for mea-
suring when criticality will occur from the source range
ex-core detectors. Presently, plant operators estimate when
criticality will occur through a number of methods. One
method for estimating when criticality will occur 1s made by
plotting the 1nverse ratio of the count rate obtained from the
source range detector as a function of the change in the
condition being used to bring the plant critical, e.g., with-
drawal of the control rods. When the plant goes critical, the
source range count rate approaches infinity and hence, the
Inverse Count Rate Ratio (ICRR) goes to zero. Due to the
physics of the reactions occurring within the core-of the
reactor, the ICRR curve i1s almost always convex, and
sometimes concave. Therefore, estimating the conditions
under which the plant will go critical from the ICRR curve
1s subject to much uncertainty, but also subject to consid-
erable scrutiny by the Nuclear Regulatory Commission and
International Nuclear Power Organization.

[0013] During the approach to reactor criticality, the sig-
nals from the source range detectors are typically used to
determine whether the reactor 1s critical or will achieve
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criticality before the scheduled or planned core conditions
are achieved. Assemblies of control rods in the form of
control banks, are used to regulate reactor activity through
controlled absorption of the neutrons released 1n the fission
process. When a reactor 1s to be made critical by withdrawal
of the control banks, which 1s the typical method used for all
reactor startups following the initial startup in each operat-
ing cycle, changes 1n control bank position cause changes 1n
the magnitude of the source range detector signals which are
not entirely indicative of core reactivity changes. This
behavior makes it diflicult for the reactor operator to use the
source range detector information properly. Ideally, the
reactor operator would like to be able to not only determine
whether the reactor 1s currently critical, or 1s likely to be
critical before the planned critical conditions are achieved,
but how close to critical the core actually 1s. In order to
accurately determine how close the reactor 1s to critical, a
means ol using the source range detector signal information
that does not rely only on the magnitude of the signal change
from one control bank configuration to another 1s required.

[0014] U.S. Pat. No. 6,181,759, assigned to the assignee of
the instant invention, addressed this need by providing a
method for determinming the closeness to criticality of a
nuclear reactor during start-up, comprising the steps of
completing a control rod withdrawal step, thereby generat-
ing a change 1 an output signal of a neutron detector;
measuring the output signal after the completion of the
control rod withdrawal step and during a transient portion of
the output signal; calculating the eflective neutron multipli-
cation factor (K_.) based upon the measured output signal
and elapsed time between the output signal measurements;
and determining the closeness to criticality of the nuclear
reactor based upon the calculated value of the effective
neutron multiplication factor (K_;). However, this solution 1s
still an estimate and does not raise confidence as to the
estimate of the closeness to criticality which can be used to
establish automatic control of the reactor’s Chemical Vol-
ume Control System that will assure the reactor system
remains below criticality.

[0015] Self-powered fixed in-core detectors are currently
used to monitor the power range of the reactor. The seli-
powered fixed in-core detectors (FID) are commonly used
for measurement of the core power distribution in commer-
cial nuclear power reactors. One type of self-powered FID
utilizes neutron sensitive material, with rhodium being the
most commonly used sensor element of this type. While
such detector elements provide a direct measure of neutron
flux, which 1 turn 1s directly related to core power, the
materials of this type which are more responsive to neutrons
are Tairly rapidly depleted.

[0016] Another type of self-powered FID utilizes material
sensitive to gamma radiation. While about 80% of the
gamma radiation generated in the core 1s produced by the
fission reaction and 1s therefore representative of core
power, the remaining 20% 1s produced by products of fission
and 1s delayed 1in time. While the gamma sensitive elements
are not depleted by the neutron flux, they require complex
clectronics or reactor physics methods to provide a measure
ol reactor power distribution.

[0017] A need exists to use the benefits of self-powered
detectors, 1n that they provide an output at all power levels
without external power, by 1dentifying and subtracting from
those outputs contributions from fission byproducts that
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mask a true power reading that can be relied upon for
automatic control of the subcritical state of the reactor.

SUMMARY

[0018] This invention achieves the foregoing objectives
by providing a nuclear reactor system comprising a pressure
vessel housing a nuclear core and a volume of coolant within
the nuclear core; a plurality of fuel assemblies are housed
within the nuclear core with at least some of the fuel
assemblies having one or more, primarily gamma sensitive,
prompt responding self-powered neutron detectors located
therein, responsive to the fission reaction activity within the
core to provide an output indicative thereof. A subcritical
reactivity monitor receives the output from the one or more
of the primarily gamma sensitive, self-powered neutron
detectors and 1s responsive thereto to generate a core aver-
age value of the gamma radiation distribution within the
core. A processing system 1s configured to receive the core
average value of the gamma radiation distribution and
calculate a value of K_, in accordance with the following
equation;

S (Trer M per
fI)

Ker(t)=1- (1 — Kger);

and output the value of K_s A chemical volume control
system configured to receive the value of K . and nitiate a
triggering signal that adds Boron to the coolant in the event
a predetermined, undesirable change in K_.1s detected.

[0019] Preferably, the value of K_.1s monitored continu-
ously during a shutdown period of the nuclear reactor
system. In one embodiment the subcritical reactivity moni-
tor 1s configured to determine the fraction of the output from
the primarily gamma sensitive, self-powered neutron detec-
tors caused by gamma radiation released by fission byprod-
ucts 1n the vicinity of the primarily gamma sensitive, seli-
powered neutron detectors and, the fraction of the measured
output caused directly by subcritical fission events. In one
such embodiment the fraction of the output of the gamma
sensitive, self-powered neutron detectors due to fission
byproducts 1s subtracted from the output of the primarily
gamma sensitive, self-powered neutron detectors to deter-
mine a real-time value of K_g

[0020] In still another embodiment the nuclear reactor
system 1ncludes a source range detector for monitoring
fission events within the core when the reactor is below
criticality and provides an output from which the fission
events can be determined. The source range detector is
positioned outside of the pressure vessel and the value of K _
1s calculated without mnput from the source range detector.
Desirably, the Chemical Volume Control System automati-
cally adds Boron to the coolant in the event a predetermined,
undesirable change in K_1s detected.

BRIEF DESCRIPTION OF THE DRAWINGS

[0021] A further understanding of the invention can be
gained from the following description of the preferred
embodiments when read 1n conjunction with the accompa-
nying drawings 1n which:

[0022] FIG. 11sasmmplified schematic of a nuclear reactor
system to which this invention can be applied;
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[0023] FIG. 2 1s an elevational view, partially in section,
of a nuclear reactor vessel and internal components to which
this 1nvention can be applied;

[0024] FIG. 3 1s an elevational view, partially 1n section,
of a fuel assembly illustrated 1n vertically shortened form,
with parts broken away for clanty; and

[0025] FIG. 4 15 a block diagram of an exemplary system
for implementing the steps of the process of one embodi-
ment of the system of this invention.

DESCRIPTION OF THE PREFERRED
EMBODIMENT

[0026] Commercial nuclear reactor operators are required
to ensure that the reactor remains shut down by a minimum
margin as defined by plant technical specifications (Tech
Specs). The amount of reactor shutdown 1s determined via
the calculated value of K specifically by the amount that
K 718 less than 1.0, defined as the Shutdown Margin. One
current methodology for the calculation of K_. requires a
number of conservative measures be included 1n the calcu-
lations to ensure the amount of boric acid added to the
reactor coolant system bounds potential shutdown accident
scenarios such as a control rod ejection, rapid reactor coolant
system cool down, or unintentional dilution of the reactor
coolant system boron concentration. The conservative
amount of boric acid added to the reactor coolant system to
ensure that K _-remains less than the limits imposed by plant
Tech Spec requirements must be removed again from the
reactor coolant system when 1t 1s time to restart the reactor
aiter the shutdown. If the shutdown occurs during the period
at the end of an operating cycle, 1t can take the addition of
hundreds of thousands of gallons of pure demineralized
water to remove the boron added to ensure a conservative
shutdown condition. This places a huge burden on the
Chemical Volume Control System 74 (FIG. 4) needed to
remove and store the borated water being replaced by the
pure water. It also significantly adds to the operating costs of
the reactor. Implementation of the preferred embodiment of
this invention will allow the Shutdown Margin to be con-
tinuously measured so the calculational uncertainties neces-
sitating the conservative operation are eliminated so that the
boric acid levels are optimized to minimize the needed
Chemical Volume Control System 74 processing and storage
requirements.

[0027] The K, rcalculation methodology described in U.S.

Pat. No. 6,181,759 utilizes an excore Source Range detector
to calculate K_ . following periodic control rod withdrawals
during the approach to achieving a critical condition 1n the
reactor (K_.=1). Use of the Source Range detectors requires
pauses between control rod withdrawals to acquire statisti-
cally consistent count rate data sets to determine a value of
K. with a defined target accuracy. The methodology
described in this mnvention uses the signal output from one
or more prompt responding Self-Powered Detectors 70, such
as a Platinum-based design, to continuously monitor the
value of K_,with the reactor in a shutdown condition, up to
and including achieving a critical condition. The use of a
prompt responding Self-Powered Detector will allow the
processed Self-Powered Detector’s output signals to be used
as the basis for control of a Boron-Dilution Protection
System 76 that will be unaflected by changes in reactor
coolant system temperature; conditions that commonly
aflect ex-core detector responses.
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[0028] The key to the application of this approach 1s the
ability to determine the fraction of the measured Seli-
Powered Detector’s signal caused by the gamma radiation
released by fission products in the vicinity of the Seli-
Powered Detector’s element, and the fraction of the mea-
sured signal caused by subcritical fission events. Following
a reactor shutdown the fission product concentration
changes with time 1n a well understood manner. The 1mpact
of the gamma radiation emitted by the fission products on
the measured Self-Powered Detector’s signal will, therefore,
change 1n a corresponding way. By adjusting the measured
Self-Powered Detector’s signal to remove the influences of
the fission product gamma radiation using a simple time
dependent analytical correction factor, the signal due only to
the gamma radiation produced by the fission process can be
calculated from the measured Self-Powered Detectors signal
(s). This fission gamma signal 1s directly proportional to the
thermal neutron population. Once the thermal neutron popu-
lation on at least a relative basis 1s known, the value of K.
relative to a reterence condition of known K_, can be
determined from simple subcritical multiplication formula-
tion using the expression:

S (trer Mper

K (t)=1—
7 (0 7010

(1 — Kger)

Where 1(t) 1s the fraction of the measured Self-Powered
Detectors current at time t (I(t)) due to fission gamma
radiation. The value of K, -can be established using either
the rod withdrawal method described in U.S. Pat. No.
6,181,759, where the Source Range count rate measurement
data from the source range detectors 72 1s replaced by the
value of the fission product fraction adjusted Self-Powered
Detector’s current, or by calculation using a tool like the
Westinghouse BEACON System to calculate the value of
K.z at the reference shutdown condition from a nuclear
model that captures the reactor operating history. The fact
that the fission product adjusted currents are used 1n a ratio
removes the need to perform any explicit conversions of the
Self-Powered Detector’s signal measurements to neutron
flux units, and allows the fission product correction factor to
be represented by a relative shape function. The fission
product correction shape function will be well represented
by the time dependent fission product gamma decay relation
used 1n various well documented reactor shutdown heating,
calculations, where K _.1s the time after shutdown, and t is
the time after K_4 Since the Selt-Powered Detectors detec-
tor current 1s inherently less statistically variable than the
measurement of Source Range detector pulse rate data, the
use the Self-Powered Detector’s current signal data can be
used on a continuous basis rather than the periodic nature
resulting from pulse data statistics.

[0029] Thus, this invention utilizes one or more primarily
gamma sensitive (prompt responding) Seli-Powered Detec-
tor style radiation measurement devices 70 located within
the core of a nuclear reactor to determine the amount that the
reactor multiplication factor (K_z) 1s below the reactivity
required to achieve or maintain a self-sustaining nuclear
chain reaction. This capability provides the reactor operator
with vital information on the operating state of the reactor.
This mvention utilizes measured changes in the Self-Pow-
ered Detector’s current(s) to allow the reactor operator to
measure the value of K_; at essentially any desired interval
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while the reactor 1s shut down with a K_value less than the
critical value of 1.0. Since this invention uses one or more
prompt responding Self-Powered Detector’s instruments
contained within the reactor core, and the outputs from the
Self-Powered Detectors do not require external power sup-
ply, the accuracy and reliability ot the K_. information
derived from this invention far exceeds the implementation
described 1n U.S. Pat. No. 6,181,759. Moreover, a preferred
embodiment of this invention will allow integration of this
capability directly into the Reactor Protection System,
which will allow the elimination of the operational and core
design analysis constraint costs associated with the current
Boron Dilution Accident Prevention methodology.

[0030] This mvention provides a novel use of prompt
responding 1n-core Self-Powered Detectors signals to pro-
vide continuous measurement of K_.1n a subcritical reactor
core. The primary novelty in the processing of the Seli-
Powered Detector’s signals 1s the correction of the measured
Self-Powered Detector’s signal to remove the fission prod-
uct gamma contribution to the measured signal based, well
documented, decay heating functions.

[0031] While specific embodiments of the invention have
been described in detail, 1t will be appreciated by those
skilled 1n the art that various modifications and alternatives
to those details could be developed in light of the overall
teachings of the disclosure. Accordingly, the particular
embodiments disclosed are meant to be 1llustrative only and
not limiting as to the scope of the mvention which 1s to be
given the full breadth of the appended claims and any and all
equivalents thereof.

1-7. (canceled)

8. A method for monitoring a nuclear reactor for a
shutdown condition, the method comprising:

detecting gamma radiation within a core of the nuclear
reactor utilizing one or more self-powered detectors
located within the core of the nuclear reactor;

outputting, by the one or more seli-powered detectors, a
current based on the detected gamma radiation;

generating a current value ot K_, based on the outputted
current 1n accordance with the following equation;

J (TRer M Rer

K (0 =1—
7 (0 7010

(1 = Kger)

wherein K. 1s a time after shutdown of the nuclear
reactor, t 1s a time after tz_, wherein a ratio of
t(tz,/1(t) 1s a fission product correction factor based
on a time dependent fission product gamma decay
relation, I(t) 1s an output current of the one or more
selt-powered detectors at time t, I -1s an output
current of the one or more self-powered detectors at
time K, and K, -1s a neutron multiplication factor
at time K_
monitoring the current value ot K_z and
based on the monitoring of the current value ot K, adding
Boron to coolant 1n the nuclear reactor when an undesirable
change i K_.1s detected.
9. The method of claim 8, wherein the one or more
self-powered detectors comprise a neutron detector.

10. The method of claim 8, wherein the one or more
self-powered detectors comprise a gamma radiation detec-
tor.



US 2020/0365285 Al

11. The method of claim 8, wherein the one or more
seli-powered detectors are platinum based.

12. The method of claim 8, wherein monitoring the
current value of K_1s performed substantially continuously
during a shutdown period of the nuclear reactor.

13. The method of claim 8, further comprising:

monitoring fission events within the core 1n a source range

utilizing a source range ex-core detector positioned
outside of the core, wherein the current value ot K _1s
generated without input from the source range ex-core
detector.

14. The method of claim 8, wherein adding boron com-
prises adding boric acid to the coolant.

15. A method for monitoring a nuclear reactor for a
shutdown condition, the method comprising:

detecting gamma radiation within a core of the nuclear

reactor utilizing one or more selif-powered detectors
located within the core of the nuclear reactor:;

outputting, by the one or more self-powered detectors, a
current based on the detected gamma radiation;

generating a current value of K_, based on the outputted
current 1n accordance with the following equation;

f(trRer MRer

K =] -
() FOI0)

(1 — Kger)

wherein K . 1s a time after shutdown of the nuclear
reactor, t 1s a time after K_g, wherein a ratio of
t(tz.)/1(t) 1s a fission product correction factor based
on a time dependent fission product gamma decay
relation, I(t) 1s an output current of the one or more
selt-powered detectors at time t, I, . 1s an output
current of the one or more self-powered detectors at
time tg, 5 and K -1s a neutron multiplication factor
at time tp, 4

monitoring the current value of K_z and

based on the monitoring of the current value of K g
adding Boron to coolant 1n the nuclear reactor when a
change in K_.beyond a threshold 1s detected.

16. The method of claim 15, wherein the one or more
self-powered detectors comprise a detector selected from the
group consisting ol a neutron detector and a gamma radia-
tion detector.
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17. The method of claim 16, wherein the one or more
self-powered detectors are platinum based.

18. The method of claim 17, wherein monitoring the
current value of K_.1s pertormed substantially continuously
during a shutdown period of the nuclear reactor.

19. The method of claim 15, further comprising:

monitoring fission events within the core 1n a source range

utilizing a source range ex-core detector positioned
outside ot the core, wherein the current value ot K_1s
generated without input from the source range ex-core
detector.

20. The method of claam 15, wherein adding boron
comprises adding boric acid to the coolant.

21. A method for monitoring a nuclear reactor for a
shutdown condition, the method comprising:

detecting gamma radiation within a core of the nuclear

reactor utilizing one or more self-powered detectors
located within the core of the nuclear reactor;
outputting, by the one or more seli-powered detectors, a
current based on the detected gamma radiation;

adjusting the outputted current to remove intluences of
fission product gamma radiation using a time depen-
dent analytical correction factor;

monitoring the adjusted current; and

based on the monitoring of the adjusted current, adding

Boron to coolant 1n the nuclear reactor when a change
in the adjusted current beyond a threshold 1s detected.

22. The method of claim 21, wherein the one or more
self-powered detectors comprise a neutron detector.

23. The method of claim 21, wherein the one or more
self-powered detectors comprise a gamma radiation detec-
tor.

24. The method of claim 21, wherein the one or more
self-powered detectors are platinum based.

25. The method of claim 21, wherein monitoring the
adjusted current 1s performed substantially continuously
during a shutdown period of the nuclear reactor.

26. The method of claim 21, further comprising;

monitoring fission events within the core 1n a source range

utilizing a source range ex-core detector positioned
outside of the core, wherein the outputted current is
adjusted without mput from the source range ex-core
detector.

27. The method of claim 21, wherein adding boron
comprises adding boric acid to the coolant.
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